OSTEOPOROSIS, A SIGNIFICANT health problem characterized by low bone mass, affects millions of elderly individuals. To some extent, this disease is both preventable and treatable. Physical exercise has been used as one of the strategies to maintain bone mass and prevent osteoporosis in humans. Although a number of studies using in vitro and in vivo models have shown that mechanical loading (ML) promotes bone formation and that unloading results in reduction in bone mass (1, 4, 6, 9, 14, 15, 17, 18, 21, 33) , the molecular components that mediate skeletal anabolic response to ML in vivo have not been fully elucidated. We believe that identification of signaling pathways for ML-induced bone formation could lead to pharmacological treatment strategies to enhance or maximize the osteogenic effects of exercise.
In terms of potential mediators of bone anabolic response to ML, there is considerable evidence that insulin-like growth factor (IGF) I is a strong candidate. 1) Gene expression work involving microarray, in situ hybridization, and real-time RT-PCR approaches has shown that loading increases IGF-I production in bone cells in vitro and in vivo (26, 32, 35) . 2) Gross et al. (13) showed that transgenic mice with elevated IGF-I expression in osteoblasts exhibited an increased bone formation response to ML compared with control mice. 3) IGF-I administration induced a bone formation response in growth hormone-deficient normally loaded rats, but not in unloaded rats (27, 28) . Although these data provide indirect evidence for an IGF-I role in mediating the bone anabolic response to ML, the cause-and-effect relationship between loading-induced increases in IGF-I expression and skeletal anabolic changes in vivo is lacking. Since ML increases IGF-I production in bone cells and because IGF-I is an important regulator of bone formation, we hypothesize that anabolic effects of ML on bone formation are mediated by osteoblast-derived IGF-I. Using mice with conditional disruption of the IGF-I gene in type 1 collagen-producing osteoblasts and their corresponding control mice, we tested this hypothesis in the present study.
MATERIALS AND METHODS

Animals and genotyping.
Breeding pairs of transgenic mice in which Cre recombinase is driven by the entire regulatory region of procollagen type 1␣ 2 gene (Col1␣2-Cre) were bred with transgenic mice in which exon 4 Genotyping of Cre/loxP mice. At 3 wk of age, DNA was extracted from tail tissue using a Puregene DNA purification kit (Gentra Systems, Minneapolis, MN), and PCR was performed to identify mice with Cre recombinase and/or loxP sites, as described elsewhere (12) .
Strain calculation. Prior to the four-point bending method of loading, mechanical strain produced by varying loads at the cortical site (middiaphysis) in tibias of 10-wk-old female IGF-I KO and WT mice was calculated using a mathematical approach (30) . Similarly, prior to the axial method of loading, the amount of mechanical strain produced by loads axially at the trabecular site was measured using a strain-gauge technique, as described elsewhere (15) , in isolated tibias of male and female IGF-I KO and WT mice. Briefly, a portable strain indicator (model P-3500) and a strain gauge of a specific range (EP-XX-015DJ-120) were used to measure the amount of mechanical strain produced by loads. The ends of the strain-gauge circuits were soldered to a copper wire and glued 5 mm from the tibia-fibula junction on the medial surface of the tibia in a longitudinal alignment. The copper wires were connected to the indicator, and the amounts of strain produced by different loads (n ϭ 3-4 mice) on the loading zone were recorded. To avoid variation or overestimation of the measured strain, care was taken to ensure that the copper wires were properly soldered to the strain gauges or that the strain gauges did not come in direct contact with the loading parts of the Instron mechanical tester during measurement of the mechanical strain.
Four-point bending and in vivo peripheral quantitative CT measurements. To evaluate cortical bone response to ML in IGF-I KO and WT mice, we used a four-point bending method of loading. Briefly, the four-point bending device (Instron, Canton, MA) consists of two upper vertically movable points covered with rubber pads, which are 4 mm apart, and two 12-mm lower nonmovable points covered with rubber pads. After the mice were anesthetized, the ankle of the tibia was positioned on the second lower immobile points of the device, such that the region of tibia loaded did not vary in different mice. During bending, the two upper pads touch the lateral surface of the tibia through overlaying muscle and soft tissue, while the lower pads touch the medial surface of the proximal and distal parts of the tibia. One of the limitations of this model is that force applied over soft tissue may have some local effect on blood and fluid flow. We took care to minimize this by changing the rubber pads frequently in the Instron mechanical tester.
At 10 wk of age, a 9-N load was applied to female WT mice and a 6-N load to female IGF-I KO mice. The loading was performed at 2-Hz frequency, for 36 cycles, once per day, 6 days/wk with 1 day of rest for 2 wk on both groups of mice (15) . The right tibia was used for loading (externally loaded) and the left tibia as a contralateral internal control nonexternally loaded). On day 15, mice were euthanized, and tibias were collected and stored in 10% formalin for further analysis. Skeletal changes in loaded and externally nonloaded tibiae were measured by peripheral quantitative CT (Stratec XCT 960M, Norland Medical System, Ft. Atkinson, WI), as described previously (15) .
Tibia axial loading. To study the anabolic effects of loading on trabecular and cortical bone, we used a tibia axial loading model, which was originally developed for rat ulna and subsequently adapted for mouse ulna and tibia, as described previously (2, 10, 23, 29, 31, 34) . The apparatus and protocol for dynamically loading the mouse have been adapted from previously published studies (10, 29) . Briefly, the axial method of loading was performed on mice using servohydraulic mechanical testing (Instron). This model consists of one upper vertical movable cup covered with soft pads and another lower nonmovable cup (cups were made in-house using denture material) covered with soft pads (to prevent skin damage caused by loading axially) attached to the load cell. Mice were anesthetized using isoflurane (4% isoflurane and 2 l/min medical oxygen), and the tibia was positioned between the cups in a 90°C angle: the proximal end of the tibia to the upper movable point and the distal part to the lower immovable point. A 2-N load was applied to hold the mouse tibia in position to avoid twisting during axial loading. ML was applied over the growth plate, cartilage followed by skin using a trapezoidal waveform [trapezoidal-shaped pulse period ϭ 0.1 s (loading 0.025 s, hold 0.05 s, and unloading 0.025 s)] for 40 cycles with 10 s of rest between each cycle for 2 wk (3 alternate days/wk) in the axial direction on the tibia. When the downward load is applied to the tibia, the axial load is translated to bending moment, producing compressive strain on the medial surface and tensile strain on the lateral surface of the tibia in mice. This bending strain is higher in the midshaft than in the proximal area of the tibia.
A 6-and 12-N load was applied to 10-wk-old female IGF-I KO and corresponding WT mice, respectively. Similarly, a 6.5-and 12-N load was applied to male IGF-I KO and corresponding WT mice. The right tibia was used for loading and the left tibia as a contralateral control. Mice were anesthetized during loading using 4% isoflurane and 2 l/min medical oxygen. On day 15, mice were euthanized, and the bones were collected and stored at Ϫ80°C or in 10% formalin for further analyses.
CT. To measure microarchitectural changes of trabecular bone, as well as cortical bone, in response to axial loading, we used micro-CT (-CT), a high-resolution tomography image system (Invivo CT40, Scanco). Routine calibration was performed once per week using a three-point calibration phantom corresponding to the density range from air to cortical bone. Bones were immersed in 1ϫ PBS to prevent them from drying, and scanning was performed using 75-kV X-ray at a resolution of 10.5 m. To minimize the position error (slice positioning) and to be consistent in our sampling site from mouse to mouse, we undertook several precautionary steps, which include the use of 1) scout view of the whole tibia to determine landmarks and precise selections of measurement sites, 2) the growth plate of the tibia as the reference point, 3) a 0.525-mm sampling site that represented a distance of 0.315 mm from the growth plate for measurement of trabecular bone parameters, and 4) a 1.05-mm sampling site that represented a distance 5.5 mm from the growth plate for measurement of cortical bone parameters. After radiographic data were acquired, images were reconstructed by using two-dimensional image software provided by Scanco. The area of the trabecular analysis was outlined within the trabecular compartment. Every 10 sections were outlined, and the intermediate sections were interpolated with the contouring algorithm to create a volume of interest, followed by a three-dimensional analysis using Scanco in vivo software. Parameters such as bone volume (BV, mm 3 ), BV fraction [BV-tissue volume (TV) ratio, %], apparent density (mg hydroxyapatite/cm 3 ), trabecular number (mm Ϫ1 ), trabecular thickness (Tb.Th, m), and trabecular space (m) were evaluated in the externally loaded right and nonloaded left tibia of IGF-I KO and WT mice. Since IGF-I KO mice are smaller and exhibit reduced bone length compared with WT mice, we adjusted for this difference in length using standard calculations, such that the sampling site is the same for both sets of mice.
RNA extraction. An RNA extraction kit (Qiagen, Valencia, CA) was used to extract total RNA from the loaded and externally nonloaded bones (tibias) with the following modifications, as described elsewhere (15) . Quality and quantity of RNA were analyzed using a bioanalyzer (model 2100, Agilent, Palo Alto, CA) and a NanoDrop device (Thermo scientific, Wilmington, DE).
Gene expression: RT and real-time RT-PCR. Quantitative real-time RT-PCR was used to determine expression levels of genes, as previously described (15) . Briefly, purified total RNA (200 g/l) was used to synthesize the first-strand cDNA by RT according to the manufacturer's instructions (Bio-Rad, Hercules, CA). The gene-specific primers were designed by using Vector NTI software and ordered from Integrated DNA Technologies. The data were analyzed using SDS software, version 2.0, and the results were exported to Microsoft Excel for further analysis. Data normalization was accomplished using the endogenous control (␤-actin or peptidylprolyl isomerase A) to correct for variation in the RNA quality among samples. The normalized cycle threshold (Ct) values were subjected to a 2 Ϫ⌬⌬Ct formula to calculate the fold change between the externally loaded and non externally loaded tibias groups. The formula and its derivations were obtained from the instrument user guide.
Histomorphometric analysis. IGF-I KO and WT mice were subjected to 2 wk of axial loading, as described above. On day 15, mice were euthanized, and tibias were collected and fixed overnight with 10% cold neutral-buffered formalin. After 24 h, bones were rinsed with 1ϫ PBS to remove formalin and embedded in methyl methacrylate. Cross sections (0.5 mm thick) were cut from the middiaphysis of the bones with a wire saw (Delaware Diamond Knives), and this cross section was then ground lightly. For metaphyseal sections, thin longitudinal sections (5 m) were cut, stained with Goldner's trichrome stain, mounted in Fluoromount G (Fisher Scientific, Pitts-burgh, PA), or left unstained and examined under an Olympus BH-2 fluorescence/bright-field microscope. These bones were subjected to histomorphometric analysis, as described elsewhere (16) .
Fluid shear stress. In vitro mechanical stress was applied on MC3T3 osteoblast cells derived from mouse calvaria, as described elsewhere (14) . Four groups (n ϭ 5 replicates for each group) of MC3T3 cells were plated on glass slides (75 ϫ 38 mm) at 5 ϫ 10 4 cells/slide in Dulbecco's modified Eagle's medium supplemented with 10% bovine calf serum. At ϳ80% confluency, the cells were serum-deprived for 24 h and subjected to a steady fluid flow stress (FFS) of 20 dyn/cm 2 for 30 min in Cytodyne flow chambers, as previously described (14) .
Cell proliferation assay. Cell proliferation was assessed by [ 3 H]thymidine incorporation into cell DNA, as described previously (14) .
Statistical analysis. Data are presented as means Ϯ SE. Regression analysis, ANOVA (Newman-Keuls post hoc test), and standard t-test were used to evaluate the effects of loading as well as to compare loading response between IGF-I KO and WT mice. Since changes in bone parameters in response to loading were not significantly different between male and female mice, data from male and female mice were pooled for the statistical analyses. Values are expressed as percent change in the externally loaded vs. nonexternally loaded bones [(loaded Ϫ nonloaded)/nonloaded ‫ء‬ 100]. We used STATISTICA software for our analyses, and the results were considered significantly different at P Ͻ 0.05.
RESULTS
Strain calculation, four-point bending, and changes in cortical bone parameters between WT and IGF-I KO mice.
Since bones of IGF-I KO mice show 30% (P Ͻ 0.05) reduction in periosteal circumference compared with WT mice, we predicted that mice with bones of smaller circumference would tend to receive higher mechanical strain than mice with bones of larger circumference at any given load. To ensure that the difference in skeletal anabolic response to loading is due to lack of local IGF-I, and not differences in mechanical strain, we used a mathematical approach to calculate the amount of mechanical strain produced by varying loads in both sets of mice. The calculated data show that a 6-N load (4,871 Ϯ 113 ε, n ϭ 3) in IGF-I KO mice produced mechanical strain equivalent to a 9-N load (4,730 Ϯ 14 ε, n ϭ 3) in the WT mice. On the basis of these data, a four-point bending device was used to apply adjusted loads to tibias of IGF-I KO and WT mice, such that mouse strains received similar amounts of mechanical strain.
In response to 2 wk of four-point bending, the externally loaded bones of WT mice showed significant increases in skeletal parameters, such as total area (cross-sectional area), bone mineral content, and bone mineral density (BMD), measured by peripheral quantitative CT, compared with nonloaded bones (Fig. 1) . In contrast, the externally loaded bones of IGF-I KO mice did not show a significant increase in any of these skeletal parameters compared with nonloaded bones.
Strain measurements, axial loading, and changes in trabecular and cortical parameters between WT and IGF-I KO mice.
Measurements of the amount of mechanical strain produced by axial loading protocol using a strain-gauge approach (15) revealed that a 6-N load produced 780 Ϯ 86 ε in female IGF-I KO mice, which is comparable to the amount of mechanical strain produced by a 12-N load (825 Ϯ 56 ε, n ϭ 3) in the female WT mice. Similarly, male IGF-I KO mice produced 745 Ϯ 22 ε for a 6.5-N load, equivalent to the mechanical strain produced by a 12-N load (773 Ϯ 48.6 ε, n ϭ 2-3) in the male WT mice. While the amount of measured strain in our study is similar to that reported by Sugiyama et al. (29) , it is different from that reported by Brodt and Silva (8) . One potential explanation for this could be the differences in the site (metaphysis vs. diaphysis) used for measurement of strain in the different studies. On the basis of these strain data, adjusted axial loads were applied on tibias of IGF-I KO and WT mice, such that both mouse strains received similar amounts of mechanical strain.
-CT images of trabecular bone from loaded and nonloaded tibia reveal that alternate days of axial loading for 2 wk caused an increase in the amount of trabecular bone in the loaded tibia compared with nonloaded tibia of the WT, but not IGF-I KO, mice (Fig. 2 ). -CT measurements revealed significant in- creases in BV/TV (23%), trabecular BMD (21%), and Tb.Th (19%) in response to axial loading in WT mice (Fig. 3) . In contrast, neither trabecular BV/TV nor trabecular BMD was significantly different in the loaded bones of IGF-I KO mice. However, Tb.Th was decreased by 5% (P Ͻ 0.03) in the IGF-I KO mice (Fig. 3) . In addition to trabecular parameters of secondary spongiosa, we also measured cortical parameters and found that the tissue volume, density, and cortical thickness were increased by 7-13% in WT mice (Fig. 4) , while in the IGF-I KO mice, no change was observed in these parameters (Fig. 4) . Histomorphometric analysis of skeletal parameters in response to axial loading. To determine the impact of IGF-I disruption in type 1 collagen-producing bone cells on bone formation response to ML, we performed histomorphometric measurements at the secondary spongiosa of trabecular bone in the loaded and nonloaded bones of IGF-I KO and WT mice. We found that osteoid perimeter, a measure of length of forming surface, and Tb.Th were increased by 40 -60% in the loaded bones of WT, but not IGF-I KO, mice (Fig. 5) . Tartrateresistant acid phosphatase (TRAP)-labeled surface was reduced significantly in the loaded bones of WT, but not IGF-I KO, mice (Fig. 5) .
Gene expression analysis in response to axial loading. To identify the genes that contribute to bone anabolic response to loading, using real-time RT-PCR, we measured expression levels of several selected candidate genes (bone sialoprotein, IGF-I, Tnnt2, ephrin-B2, ephrin-A2, ephrin-A4, ␤-catenin, EphB2, EphB4, Nr4a3, SOST, osterix, and stromal cell-derived factor-1) that have been implicated in the ML signaling pathway in the externally and nonexternally loaded tibias of IGF-I KO and WT mice. Among these genes, expression levels of IGF-I, ephrin-B1, -B2, and -A2, EphB2, Nr4a3, and Tnnt2 were significantly increased in the loaded tibias of WT mice (1.5-to 3.3-fold, P Ͻ 0.05), but not IGF-I KO mice, compared with corresponding nonloaded tibias (Fig. 6) . Expression levels of ephrin-A4, ␤-catenin, SOST, and SDF-1 were not affected by loading in both groups of mice. 
IGF-binding protein (IGFBP4) inhibits fluid flow stress response in MC3T3 cells.
To determine if locally produced IGF-I is involved in mediating the proliferative response to FFS, we added inhibitory IGFBP4 to neutralize IGF-I action. The rationale for selecting IGFBP4 to block IGF-I action was based on the well-established action of this binding protein to block binding of IGFs to their receptors (22) . We found that preincubation with IGFBP4 significantly reduced FFS-induced cell proliferation (Fig. 7) .
DISCUSSION
In previous studies, we and others showed that mechanical stimulation increased IGF-I expression in monolayer cultures of osteoblast line cells in vitro (14, 18) . Similarly, ML has been shown to stimulate IGF-I expression in bone cells in vivo (7, 18, 25) . Although there is a considerable body of data in the literature to implicate a role for IGF-I in mediating the mechanical strain response in bone, direct evidence to demonstrate a cause-and-effect relationship between an increase in IGF-I expression and skeletal changes is lacking. To test a causal role for IGF-I in bone anabolic response to ML, we generated conditional IGF-I KO mice using a Cre-loxP approach and subjected these mice to ML. Initially, we used a four-point bending method of loading, which produces a robust increase in cortical bone, to evaluate the involvement of local IGF-I in cortical bone response (1, 15) . Our findings demonstrate, for the first time, that local IGF-I expression in type 1 collagen-producing osteoblasts is critical for bone anabolic response to ML. The lack of cortical bone response in the female IGF-I KO mice cannot be explained on the basis of inadequate mechanical strain, because we applied loads that produced similar amounts of mechanical strain in the KO and WT mice. The findings that mechanical strain exerts an important effect on periosteal expansion during postnatal development (15) and that periosteal bone formation is compromised in mice with disruption of IGF-I in type 1 collagen-producing cells (12) are consistent with the lack of cortical bone response to ML observed in this study using IGF-I conditional KO mice. Consistent with an important role for locally produced IGF-I in bone cell response to ML, we found that the increase in proliferation of MC3T3-E1 cells caused by FFS was significantly reduced by neutralization of IGF-I action by inhibitory IGFBP4.
The four-point bending method of loading induces mostly a periosteal bone response, as the load is applied to the middiaphysis of bone, which lacks trabecular bone. We, therefore, evaluated if the bone cell-produced IGF-I is also involved in inducing trabecular bone formation in response to ML. -CT measurements revealed that 2 wk of axial loading caused a dramatic 27% increase in trabecular BV in WT, but not IGF-I KO, mice. In terms of the mechanism for the ML-induced trabecular BV, we found that axial loading significantly increased thickness of existing trabeculae but not generation of new trabeculae. A similar observation has also been reported in mice overexpressing osteoblast-produced IGF-I (38) . Since IGF-I is involved in proliferation and differentiation, we predict that both mechanisms could contribute to the increase in Tb.Th in the loaded bones of WT mice. Surprisingly, Tb.Th was decreased in the loaded bones of IGF-I KO mice compared with nonloaded controls. To address whether this decrease in Tb.Th is caused by increased bone resorption, we measured the TRAP-labeled surface on the bones (externally loaded and non-externally loaded tibia) of both sets of mice. However, the results from our study revealed no such increase in the TRAP-labeled surface in the loaded bones of IGF-I KO mice. As expected, the TRAP-labeled surface was significantly decreased in the loaded bones of WT mice, thus suggesting that axial loading results in a decrease in bone resorption, as well as an increase in bone formation. These findings together demonstrate that loss of trabecular bone in the loaded bones of IGF-I KO mice is not due to an increase in bone resorption. However, further study is required to explain the small loss of trabecular BV in the IGF-I KO mice in response to loading.
To address if expression levels of genes that are known to be induced by ML are affected by knockdown of IGF-I in type 1 collagen-producing cells, we measured mRNA levels of a number of potential candidates known to be involved in the mechanical signaling pathway. Our results revealed that several genes were differentially expressed between externally loaded and nonexternally loaded tibias of WT, but not IGF-I KO, mice (Fig. 6 ). The ML-induced changes in the expression of some of the genes in the WT mice are consistent with those previously reported by us and others (5, 11, 14, 37) . Several genes in the ephrin/Eph signaling pathway were upregulated by ML in the WT, but not IGF-I conditional KO, mice, thus suggesting that IGF-I is upstream of ephrin signaling in the ML signaling pathway. On the basis of previous findings that ephrin signaling is important in the bone formation process (3, 24, 36) , it is possible that the lack of skeletal anabolic response in IGF-I conditional KO mice is caused by the failure to activate ephrin/Eph signaling in the loaded bones of IGF-I KO mice. Future studies will address the relative contribution of ephrin/Eph signaling in bone adaptive response to ML.
Several studies have shown that osteocyte-derived IGF-I is critical for bone anabolic response to ML (19, 20, 26) . Thus one could question whether the skeletal effects observed in our study in response to loading in the WT and KO mice are due to osteoblast-or osteocyte-derived IGF-I. In our study, we have knocked out IGF-I in type 1 collagen-producing osteoblasts, and since many of these osteoblasts become osteocytes, the osteocytes will also be deficient in IGF-I. However, further study is necessary to delineate the relative contribution of osteocyte-vs. osteoblast-derived IGF-I in mediating bone anabolic response to loading.
The limitations of this study are as follows. 1) Static, but not dynamic, histomorphometry studies could be performed, since calcein was not administered at appropriate times to measure rate of formation and mineralization. 2) We found that the amounts of mechanical strain produced by a 6-N load were different for the four-point bending and axial loading methods. Future studies are needed to address whether difference in bone site and/or orientation of loading contributes to this strain difference by the two loading protocols. 3) We used 10-wk-old mice for four-point bending and axial loading experiments. Bones in younger mice are growing at a much higher pace, and application of ML to these mice will reveal only smaller response to loading because of the accelerated bone growth. In 10-wk-old mice, bones continue to grow, but at a much slower pace. Previously, we found that the bone response to a given ML did not vary among the age groups (10, 16, and 36 wk). Therefore, we used 10-wk-old mice as an early age group to perform the ML study.
In summary, our data demonstrate that bone-derived local IGF-I is essential for the ML-induced increase in new bone formation, thus suggesting that other growth factors cannot compensate for the lack of local IGF-I to produce skeletal anabolic response to ML.
